Stainless steel
Introduction
316L austenitic stainless steel has a great importance in many practical applications. Due to its high strength, good ductility, high fracture toughness, excellent corrosion resistance and low absorption rate of neutron radiation, 316L is used as a structural material in nuclear power plants and, also, in refinement in 316L austenitic stainless steel to a nano-scale through SPD is often accompanied by a phase transformation from face-centered cubic (fcc) ␥-austenite to body-centered cubic (bcc) ␣ ′ -martensite structure with a transition sequence ␥-austenite → -martensite → ␣ ′ -martensite [5, 6, 8] . Although the ␣ ′ -martensite structure is harder than ␥-austenite, the high fraction of ␣ ′ -martensite phase in steels may yield an easier corrosion and intergranular embrittlement [7, 13] . Therefore, there is a demand to obtain UFG microstructure in 316L steel while maintaining the fcc austenitic structure. It was reported that the heat treatment of plastically deformed stainless steels can result in a reverse martensitic phase transformation which may yield a UFG austenitic microstructure with improved mechanical properties [14] [15] [16] [17] [18] . It was also revealed that the stability of ␣ ′ -martensite and the mechanisms of reverse transformation depend on the heat treatment conditions and the chemical composition of stainless steels [19] [20] [21] [22] . Stainless steels usually possess a low stacking fault energy (SFE) with values of 20-40 mJ/m 2 , however the concentrations of alloying elements (e.g., Cr, Ni, Mn, Mo and Al) have a strong influence on the value of the SFE [19, [23] [24] [25] [26] . For instance, the addition of Al considerably increases SFE in 316L steel, which stabilizes ␥-austenite during SPD and facilitates the reverse martensitic transformation during annealing [19] . In addition, the SFE has a significant effect on both the deformation mechanisms occurring during SPD and the stability of the UFG microstructures in subsequent annealing processes [27] . The lower the SFE, the easier the occurrence of deformation twinning. Moreover, the low SFE is accompanied by a low twin boundary energy, therefore the nucleation of new grains bounded by twin boundaries is easier during annealing, thereby facilitating the recrystallization of the UFG microstructures.
The thermal stability of the phase composition and the UFG microstructure in stainless steels are very important from the point of view of their practical applications since their changes may considerably alter the functional (e.g., mechanical and corrosion) properties. The stability is significantly influenced by the energy stored in lattice defects (e.g., in vacancies, dislocations and grain boundaries) in SPD-processed materials. Although numerous reports have been published on the evolution of the phase composition and the grain size in UFG stainless steels during heat treatments [14, 15, 28, 29] , the change of the energies stored in vacancies, dislocations and grain boundaries versus annealing temperature has not been studied. In this work, the evolution of the stored energy in nanocrystalline 316L steel processed by 10 turns of HPT was studied as a function of annealing temperature by differential scanning calorimetry (DSC). A former investigation indicated that after 10 turns a saturation state of the microstructure was achieved [8] . For the calculation of the energies stored in dislocations and grain boundaries, the dislocation density and the grain size were determined as a function of annealing temperature by X-ray line profile analysis (XLPA) and electron microscopy, respectively. Since a reverse martensitic phase transformation also occurred during annealing, the fractions of ␣ ′ -martensite and ␥-austenite phases were also monitored during the DSC scan. The energies of vacancies and reverse transformation were estimated indirectly from the difference between the measured and calculated stored energies.
Experimental material and procedures
The studied material was a 316L austenitic stainless steel with an alloying element composition of 17.20% Cr -8.97% Ni -2.13% Mo -1.03% Mn -0.77% Si -0.48% Cu -0.35% Co (in wt.%), as determined by energy dispersive X-ray spectroscopy. The initial material was annealed at 1373 K for 1 h and then quenched to room temperature (RT). As a result of this process, the initial material was an almost single phase ␥-austenite with a mean grain size of ∼42 m [8] . Disks with thicknesses of ∼0.85 mm were processed by 10 turns of HPT operating under quasi-constrained conditions [30, 31] , with an applied pressure of 6.0 GPa at room temperature (RT). The evolution of the microstructure, the phase composition and the hardness during HPT processing were studied in detail in an earlier investigation [8] .
The change in the stored energy during annealing of the HPT-processed sample was studied experimentally by DSC. For calorimetry measurements, small pieces were cut from the peripheral regions of the HPT disk. To avoid the oxidation during DSC annealing, the experiments were carried out under an Ar atmosphere in a Perkin Elmer (DSC2) calorimeter at a heating rate of 20 K/min. The maximum temperature of the DSC scans was 1000 K. After the first scan, the measurement was repeated as the second thermogram can facilitate the determination of the baseline. The change of the stored energy was determined experimentally from the heat released or absorbed in the DSC peaks, which were obtained after baseline subtraction. The experimentally determined released/absorbed heat values were compared with the changes of the stored energy calculated from the variation of the phase composition and the lattice defect structure during annealing. For studying the changes of the microstructure and the phase composition during heat treatment, samples were annealed up to characteristic temperatures in the thermograms at a rate of 20 K/min and then quenched to RT. These specimens were mechanically polished using a 2500 grit silicon carbide paper and then the surfaces were electro-polished using an electrolyte with a composition of 70% ethanol, 20% glycerine and 10% perchloric acid (in vol.%) in order to remove the uppermost surface layer distorted due to mechanical polishing.
The fraction of ␥-austenite in the samples annealed up to different temperatures was measured by X-ray diffraction (XRD). The XRD patterns were obtained by a highresolution diffractometer using CoK ␣1 radiation (wavelength: = 0.1789 nm). X-ray line profile analysis (XLPA) was also performed on the same diffractograms by the Convolutional Multiple Whole Profile (CMWP) fitting method [32] in order to determine the dislocation density () in the major phase. In this method, the diffraction pattern is fitted by the sum of a background spline and the diffraction profiles obtained as the convolution of the instrumental and microstructural peaks. The CMWP evaluation of the parameters of the dislocation structure requires the knowledge of the average dislocation contrast factors (C hkl ), characterizing the dependence of diffraction peak broadening on the indices of reflections hkl. The average contrast factors for cubic polycrystals are given as [33] : 
whereC h00 is the contrast factor for reflection h00 and parameter q describes the edge/screw character of dislocations. The values ofC h00 and q are not available in the literature but they can be determined from the anisotropic elastic constants of the different phases in 316L stainless steel. The anisotropic elastic constants are c 11 = 210, c 12 = 130 and c 44 = 120 GPa, and c 11 = 248, c 12 = 110 and c 44 = 120 GPa for ␥-austenite and ␣ ′martensite phases, respectively [34] [35] [36] . These values were used for the determination ofC h00 and q for the two phases using the software ANIZC [33] . The calculation was carried out for both edge and screw dislocations. The values obtained for C h00 and q are listed in Table 1 . In ␥-austenite with fcc structure, besides the parameters of the dislocation structure, the twin-fault probability (ˇt) was also evaluated by the CMWP fitting method [34] . This quantity gives the fraction of twin faults among {111} planes in the fcc structure. In the sample processed by HPT and the specimens annealed at or below 950 K, the grain size was very small, therefore transmission electron microscopy (TEM) investigations were performed to determine the grain size for the calculation of the energy stored in high-angle grain boundaries (HAGBs). These TEM investigations were carried out using a Philips CM-20 transmission electron microscope operating at 200 keV. The TEM foils were thinned first by mechanical grinding to a thickness of 50 m and then they were ion milled using an Ar ion beam at an inclination angle of 5 • until perforation. The ion milling was conducted at 7 keV and 2 mA with continuous cooling of the sample by liquid nitrogen. In the samples heated up to 1000 K, the grain size increased to sufficiently large values for their investigation by scanning electron microscopy (SEM) using an FEI Quanta 3D microscope. Electron backscatter diffraction (EBSD) images were taken with a step size of 40 nm and evaluated using OIM software (TexSem Laboratories). The grain size was determined by the OIM program considering only those boundaries which have misorientations higher than 15 • .
3.
Experimental results Fig. 1 shows DSC thermograms for the initial material and the peripheral part of the disk processed by HPT for N = 10 turns. For the initial sample, only one small exothermic DSC peak was observed in the temperature range between ∼580 and ∼770 K. The area under this peak was ∼1.3 J/g. At the same time, two characteristic DSC peaks were observed for the HPTprocessed specimen. The first, exothermic peak developed between ∼580 and ∼740 K, which is similar to the temperature range observed for the initial material. However, the released heat, estimated as the area under the exothermic peak, increased from ∼1.4 J/g to ∼4.9 J/g due to 10 turns of HPT. For the sample processed by HPT, a second, endothermic peak was also detected between ∼740 and ∼950 K. Such an endothermic peak was not observed for the initial material. The area under the endothermic peak was −5.7 J/g for N = 10 revolutions. The processes occurring in the temperature ranges related to the DSC peaks were analyzed by studying the change of the phase composition and the microstructure upon annealing. For this purpose, samples were annealed up to the starting and end temperatures of the DSC peaks (see Fig. 1 ) and then they were quenched to RT. The microstructures and the phase compositions of these specimens were compared. These results are presented in the next section.
DSC investigation of the initial material and the sample processed by HPT

Evolution of the phase composition and the microstructure during annealing
The phase compositions and the microstructures of the initial material and the sample processed by HPT for N = 10 revolutions were documented previously in detail [8] . It was found that the initial specimen exhibited a coarse-grained microstructure with an average grain size of ∼42 m. This material was an almost single phase ␥-austenite with a very small fraction of ␣ ′ -martensite (∼3%). Due to HPT-processing, ␥-austenite was transformed toand ␣ ′ -martensites and after 10 turns the main phase was ␣ ′ -martensite with a fraction of ∼74%, as estimated from the integrated intensities under the XRD peaks. The grain size was refined to ∼45 nm at the periphery of the disk processed by N = 10 revolutions. In addition, the dislocation density increased to ∼133 × 10 14 m −2 in the main ␣ ′ -martensite phase.
The change of phase composition during DSC annealing was determined by XRD. The integrated area under the XRD peaks was used to estimate the fractions of the different phases. It was found that the initial material remained a nearly single phase ␥-austenite during annealing up to 1000 K. Fig. 2 shows parts of the XRD patterns obtained for the periphery of the HPT disk processed for N = 10 turns and after annealing at various temperatures. The XRD peaks related to -martensite were very small and strongly overlapped with the reflections of ␥-austenite, therefore the fraction of -martensite was not determined separately but rather it was included in the fraction of ␥-austenite phase. This method of estimation is in agreement with the assumption that the -martensite is not a perfect hcp structure but rather considered as a heavily faulted fcc ␥-austenite structure with a special arrangement of stacking faults [28] . The XRD patterns in Fig. 2 indicate the change of phase composition due to annealing. It can be seen that the amount of ␥-austenite remained practically unchanged until the end of the exothermic peak at ∼740 K. At the same time, in the endothermic peak the fraction of ␣'-martensite decreased from 74% to 15%, suggesting that this DSC peak corresponds to a reverse phase transformation from ␣ ′ -martensite to ␥austenite. The change of the ␣ ′ -martensite fraction and the most important parameters of the microstructure (grain size and dislocation density) can be followed in Fig. 3 . At the highest annealing temperature (1000 K) applied in the current DSC analysis, the fraction of ␣ ′ -martensite was reduced to ∼7%, and this value is approximately the same as the fraction of ␣ ′martensite observed in the initial material. It is worth noting that, despite the continuation of the reverse phase transformation between 950 and 1000 K, an endothermic signal was not observed. This apparent contradiction can be explained by the occurrence of simultaneous exothermic processes such as recovery and recrystallization at high temperatures. The lack of both exothermic and endothermic peaks in the temperature range of 950-1000 K suggests that there is an approximate equilibrium between the absorbed and released heats. In the next paragraph, the evolution of the microstructure during DSC annealing is studied.
The dislocation density in the main phase was determined by the XLPA method for the samples heated up to various temperatures. Fig. 3 shows that the major phase is ␣ ′ -martensite in the HPT-processed state as well as in the beginning and at the end of the exothermic peak while at the end of the endothermic peak ␥-austenite became the main phase. In the CMWP fitting method, the diffraction peaks reflected from phases other than the main phase were put into the background. Fig. 3 shows the dislocation density values () in the main phase for characteristic annealing temperatures. It is clear that the dislocation density practically remains unchanged during annealing up to the beginning of the exothermic DSC peak. In the exothermic DSC peak, the dislocation density decreased from ∼133 × 10 14 m −2 to ∼50 × 10 14 m −2 . This suggests that recovery occurs in the temperature range corresponding to the first DSC peak. During the endothermic peak, the reduction of the dislocation density continued and at the end of this peak the dislocation density decreased to ∼13 × 10 14 m −2 . The released heat related to this recovery could not be revealed in the thermogram as it was overwhelmed by the heat absorbed in the reverse martensitic phase transformation. After the endothermic peak (i.e., between 950 and 1000 K) the dislocation density further decreased to ∼6 × 10 14 m −2 , however, the corresponding exothermic signal was not observed due to the simultaneous reverse martensitic phase transformation, as discussed above.
The CMWP fitting method enables a determination of the twin fault probability in fcc structures [37] . Therefore, at the end of the endothermic peak (at 950 K), the twin fault probability (ˇt) was also estimated in the main fcc ␥-austenite phase. At 950 K, the twin fault probability was 0.6 ± 0.2%, which can be converted to a mean twin boundary spacing of 33 ± 15 nm using the equation 100ˇt/d 111 where d 111 is the spacing between {111} lattice planes [27] . The presence of twin faults in the sample annealed at 950 K is confirmed by the TEM image in Fig. 4 . The twin boundaries may be formed during HPT processing or in the reverse phase transformation from ␣ ′ -martensite to ␥-austenite. In the latter process, the internal stresses developed between the transformed and non-transformed volumes may be relaxed by twinning in the fcc phase due to the low SFE of 316L steel. In addition, the recrystallization of the HPT-processed microstructure at high temperatures may also yield the formation of twin boundaries since the low energy boundaries (such as twin boundaries) are preferred during recrystallization. This observation is in agreement with former studies which reported that the reversed ␥-austenite obtained during annealing contained stacking faults and twins [38] .
The evolution of the grain size during DSC annealing was determined by TEM. As illustrative examples, Fig. 5 shows dark field TEM images for the HPT-processed sample as well as for the states before the exothermic peak and after the endothermic peak. The average grain sizes determined from the TEM images are shown in Fig. 3 . Immediately after HPT-processing the average grain size was ∼45 nm, which increased to ∼55 nm at the end of the exothermic peak. Therefore, the average grain size practically remained unchanged during the exothermic peak. Thus, it can be deduced that only a recovery of lattice defects without significant grain growth occurred in the exothermic peak. In the temperature range corresponding to the endothermic peak, the moderate grain growth continued and the grain size increased to ∼70 nm at 950 K. Between 950 and 1000 K the grain size increased rapidly from ∼70 to ∼200 nm as revealed by the EBSD images shown in Fig. 6 . The low and high angle grain boundaries (LAGBs and HAGBs) with misorientation angles lower and higher than 15 • are indicated by green and black colors, respectively. The image in Fig. 6 indicates the abundance of HAGBs. In the next section, the change of the stored energy during DSC annealing will be calculated and compared with the experimentally determined heats released and absorbed in the exothermic and endothermic DSC peaks, respectively.
Comparison of the change of stored energy with the heat released/absorbed during DSC
The stored energy per unit mass for the sample processed by 10 turns of HPT is considered as the sum of the energies of the lattice defects (dislocations, grain boundaries and vacancies). The energy stored in the dislocations (E disl ) can be calculated from the dislocation density using the following equation [27, 39, 40] :
where G is the shear modulus (∼82 GPa), b is the absolute value of the Burgers vector (∼0.249 and ∼0.254 nm for ␣ ′martensite and ␥-austenite, respectively), is the dislocation density, m is the mass density (∼8 × 10 6 g m −3 ), and A is a parameter depending on the material and the edge/screw character of dislocations. The magnitude of A is equal to Table 1 . For a mixed edge/screw dislocation character, the value of A can be estimated from the experimental value of q as [27, 41] :
where q edge and q screw are the theoretically calculated values of q for pure edge and pure screw dislocations, respectively (see Table 1 ). The energy stored in the dislocations was calculated from the dislocation density and the value of q determined by XLPA. Immediately before the exothermic DSC peak, 74% of the material is ␣ ′ -martensite and the value of E disl is ∼2.5 J/g in this phase. We assumed the same stored energy density in the minor ␥-austenite phase in the HPT-processed material. Due to the recovery of the dislocation structure in the exothermic peak, E disl was reduced to ∼0.7 J/g. Therefore, the energy stored in dislocations has a contribution of ∼1.8 J/g to the heat released in the exothermic DSC peak. The calculated values of the stored energy are summarized in Table 2 . The interfaces between grains and subgrains are classified into LAGBs and HAGBs. LAGBs usually consist of dislocations. XLPA measures the dislocation density in both LAGB boundaries and the interiors of the grains/subgrains, therefore the contribution of LAGBs to the stored energy is included in Eq.
(2). The energy stored in HAGBs, E HAGB , can be estimated using the following equation [42] :
where GB is the average HAGB energy in 316L stainless steel (∼0.6 J/m 2 [43] ) and d is the average grain size. Table 2 shows that the change of E HAGB in the exothermic DSC peak is small (∼0.8 J/g) due to the very limited grain growth. Also, the grain size only moderately increases during annealing in the temperature range of the endothermic DSC peak. Thus, the change in E HAGB is also small during this peak as shown in Table 3 .
The sum of the changes of the energies stored in dislocations and HAGBs is ∼2.6 J/g for the exothermic peak, which is much smaller than the heat released in this DSC peak (∼4.9 J/g). The difference can be attributed to the annihilation of point defects, such as vacancies or vacancy clusters. The energy stored in vacancies (E vac ) can be calculated as the difference between the released heat measured in the exothermic DSC peak and the sum of the calculated stored energies. Table 2 shows the estimated value of E vac for the vacancies annihilated in the exothermic peak. The vacancy concentration (c v ) can be calculated from E vac as [40] :
where e vac is the formation energy of a vacancy in pure bcc iron (4.166 × 10 −19 J [44] ), N A is Avogadro's number (6 × 10 23 mol −1 ) and M is the molar mass (56.2 g/mol). Using Eq. (5), the vacancy concentration annihilated in the exothermic DSC peak was obtained as 5.2 ± 3.6 × 10 −4 . It is noted that an exothermic peak with a small area (∼1.3 J/g) was also detected for the initial material before HPT-processing. In this annealed and quenched sample, the grain size was large (∼42 m) and the Table 3 -Comparison of the calculated stored energy and the heat released in the endothermic DSC peak for the sample processed by 10 HPT turns. E disl and E HAGB are the energies stored in dislocations and high-angle grain boundaries; E vac is the energy stored in vacancies; H is the heat released in the exothermic DSC peak; (E disl + E HAGB ) is the change of the sum of dislocation and grain boundary stored energies during the exothermic DSC peak; E martensite is the energy of the reverse martensitic phase transformation. material was practically free of dislocations, therefore the energy measured in the exothermic DSC peak can be related only to the annihilation of vacancies. Accordingly, the vacancy concentration calculated from Eq. (5) is about 2.9 × 10 −4 . During the endothermic DSC peak, there is a reversion from ␣ ′ -martensite to ␥-austenite which absorbs heat while the annihilation of dislocations and grain growth leads to a heat release. The heat absorbed in the endothermic DSC peak was −5.7 J/g. The energy of the reverse martensitic phase transformation can be estimated as the difference between the measured heat absorbed in the endothermic peak and the sum of the stored energies for dislocations and HAGBs. Table 3 shows that the annihilation of dislocations and grain growth in the main ␥-austenite phase resulted in a change of stored energy of ∼1.2 J/g. We assumed the same change in the stored energy for the minor ␣ ′ -martensite phase. Therefore, the energy of the reverse martensitic phase transformation was obtained as −6.9 J/g. Taking into account the change of the austenite fraction in the temperature range of the endothermic peak, the energy required for ␣ ′ -martensite reversion was estimated as −11.7 ± 3.5 J/g.
Discussion
The vacancy concentration calculated for both the initial material and the sample processed by HPT is of the order of 10 −4 . In thermal equilibrium, such a large vacancy concentration can only be achieved at very high temperatures. In the case of the initial undeformed material, this very high vacancy concentration can be explained by the applied thermal treatment of this sample. In fact, the initial 316L specimen was prepared by annealing at 1373 K for 1 h and then quenching to RT. Therefore, the high concentration of vacancies at 1373 K was most probably frozen during quenching of the initial sample. As the vacancy diffusion in coarse-grained materials is very slow at RT, therefore the high vacancy concentration in the quenched material can be preserved for long times. HPT-processing yielded further enhancement in the vacancy concentration as SPD produces a high amount of excess vacancies. Earlier studies showed that the excess vacancy concentration in pure Cu and Ni samples processed by HPT at RT can achieve the values of 0.9-20 × 10 −4 [45, 46] . The value of c v obtained for the present 316L steel is in agreement with these earlier results. It is noted that former studies [45, 46] revealed that in SPD-processed metallic materials vacancies tend to form clusters with decreasing SFE. For instance, in 99.95% purity Cu the clusters consist of 4-9 vacancies [45] . As 316L steel has a low SFE, therefore the vacancies annihilated in the exothermic DSC peak were most probably arranged into clusters during HPT or in the beginning of the DSC scan. It should also be noted that the change of the density of twinfaults during annealing probably influences the heat released and absorbed during the DSC experiments. However, the very low SFE of 316L steel yields a low twin-fault energy, therefore the effect of twin-faults on the stored energy can be neglected.
In the analysis of the change of the stored energy during the endothermic peak, we assumed that the majority of vacancies were annihilated in the first DSC peak, therefore only the heat released due to dislocation annihilation and grain growth was considered. Thus, the energy of the reverse martensitic phase transformation may be slightly larger than the calculated value of −11.7 ± 3.5 J/g. This phase transformation energy agrees within the experimental error with the values obtained in former studies. For instance, it was documented that the reverse phase transformation in cold-worked AISI 304 steel occurred in the temperature range between 740 and 820 K with a martensite reversion energy of about −8 J/g [47] , and a similar value was obtained for 16Cr-10Ni steel (−8.8 J/g) [16] . It is noted that the reverse phase transformation energy depends on the chemical composition of steel. For instance, the enthalpy of phase transformation from bcc to fcc structure in pure iron was found to be −16 J/g [48] . Therefore, it can be concluded that the reversion energy of −11.7 J/g determined in this study is in a reasonable agreement with the literature.
5.
Summary and conclusions 1. The change of the stored energy during annealing of a nanocrystalline 316L stainless steel was calculated and compared with the heat released and absorbed during DSC experiments. The nanostructure was processed from an annealed and quenched material by HPT applied for 10 turns at RT. In the DSC thermogram obtained for the HPTprocessed sample, two characteristic peaks were observed. The first was an exothermic peak which was related to the annihilation of lattice defects (dislocations and vacancies). During this recovery, the phase composition remained practically unchanged and the average grain size was only slightly increased. From the comparison of the heat released in the exothermic peak and the change of energies stored in dislocations and HAGBs, the concentration of annihilated vacancies was determined as ∼5.2 × 10 −4 . An exothermic peak was also detected for the initial material, which was related to the vacancies frozen in the sample during quenching. The concentration of these excess vacancies was also as high as 2.9 × 10 −4 . 2. The second peak between 740 and 950 K in the DSC thermogram was an endothermic peak which was caused primarily by the reverse phase transformation from ␣ ′ -martensite to ␥-austenite. During this second peak, besides the phase transformation, the annihilation of dislocations and the grain growth continued. Subtracting the heat released due to these recovery processes from the heat absorbed in the endothermic peak, the energy of the reverse phase transformation was estimated as −11.7 J/g. This value is in a reasonable agreement with the values reported in the literature. 3. Although the endothermic peak finished at ∼950 K, the reverse phase transformation continued up to ∼1000 K. In this temperature range, the energy required for ␣ ′martensite reversion was in an approximate balance with the energy released due to recovery and grain growth, therefore a DSC signal was not detected. The HPTprocessed 316L stainless steel annealed to 1000 K exhibited a small grain size of ∼200 nm and a considerable dislocation density of ∼6 × 10 14 m −2 , which indicates the good thermal stability of this material.
